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The statistical theory of particle evaporation from hot compound nuclei can be used to calculate the prob-
ability that particles are evaporated from the nuclear surface with not enough energy to surmount the Coulomb
barrier. These quasievaporated particles exist between the nuclear surface and the Coulomb barrier for a short
period of time before returning to the nuclear fluid. Occasionally, a quasievaporated charged particle emitted
into the region surrounding the pre-scission neck material, fails to be reabsorbed by either of the main
fragments as they accelerate away from each other after scission. This new particle emission mechanism can be
used to explain many of the properties of ternary nuclear fission.
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Ternary nuclear fission is a process by which a third
charged fragment is generated in the fission process close to
the plane perpendicular to the direction of the two main
charged fragments. Extensive measurements on the proper-
ties of ternary fission have been made and substantially
documented[1–4]. The energy spectra and angular distribu-
tions of these particles show that they are generated close to
the scission(rupture) point, between the two main fission
fragments. The dominant ternary-fission particles are alpha
particles, which occur a few times per thousand fissions in
thermal-neutron-induced fission of actinides(see Fig. 1).

The consensus has been that ternary fission is not associ-
ated with an evaporation(statistical) process. Several argu-
ments have been used to support this consensus. The main
argument is the high-energy cost for emitting ternary par-
ticles. The energy cost for ternary alpha particles has been
calculated to be,20 MeV [1]. This large energy cost for
ternary fission, and the nuclear temperature of,1 MeV for
low-excitation-energy induced-fission scission configura-
tions, leads to calculated ternary alpha-emission probabilities
in a purely statistical model that are orders of magnitude
lower than those experimentally determined[4]. Based on
this, and other arguments, many have concluded that the en-
ergy required to produce ternary fission comes purely from a
dynamical process. Many dynamical models of ternary fis-
sion exist[4–8].

More recently,g-g-g coincidences andg-g-light charged
particle coincidences have provided evidence for two differ-
ent mechanisms for ternary fission, one hot and the other
cold [9–11]. In alpha-particle-accompanied fission of252Cf
the majority of the fissions are hot[9], while for
10Be-accompanied fission the cold process appears to domi-
nate [11]. The coolness of the fission fragments following
beryllium-accompanied fission suggests that beryllium-
accompanied fission cannot be an evaporative process.

Halpern [12] made a detailed attempt to describe the
ternary-fission emission mechanism. He suggested that the
energy required to emit ternary-fission particles is transferred
to these particles via the sudden collapse of the neck stubs
into the main fragments after scission. A sudden neck col-
lapse is also invoked in the model presented here. The main
difference between the suggestion of Halpern and the model
presented here is that the potential ternary-fission particles in

our model are first produced in the neck rupture region via a
statistical process. Our model can be considered a blending
of two models similar, but not identical, to those proposed by
Halpern[12] and Fong[13,14]. The statistical particle gen-
eration mechanism does not need to produce the full energy
required for ternary fission. Instead, the statistical process
only needs to produce light particles in the region of the neck
rupture. Statistically generated particles that are between the
main fragments and sufficiently far from the scission axis
can fail to be reabsorbed by either of the retracting neck
stubs, and can find themselves outside the Coulomb barrier
of the post-scission configuration.

Calculating the properties of ternary fission within the
framework of the proposed combined statistical and dynami-
cal model involves many steps. First, the shape, temperature,
and kinetic energy of nuclear-fission scission configurations
need to be determined. Second, the properties of statistically
generated particles beyond the nuclear surface need to be
determined. Third, statistically generated particles that are
not reabsorbed by the retracting neck stubs after scission
must be identified. Finally, trajectory calculations are re-
quired to propagate the three fragments to their final states.
The degree of complexity that could be incorporated into
each one of these steps is, of course, high. In this article, an
attempt is made to use very simple computational methods
while preserving enough complexity for the calculations pre-
sented here to demonstrate the essentials of the proposed
ternary-fission mechanism.

FIG. 1. Ternary-fission probabilities for235Usnth,fd [4].
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The Langevin equation[15] is used, in conjunction with a
one-dimensional(1D) finite-range-corrected nuclear poten-
tial energy as a function of the separation of the nascent
fragment centers[16], to calculate the descent of fissioning
nuclei to the scission point. The combination of a reduced-
nuclear-viscosity coefficient ofb=1.531021 s−1, and a dis-
tance between mass centers at scission ofRmc,2.6 times the
nuclear radius of the corresponding spherical systemsR0d,
leads to calculated final fragment kinetic energies in the fis-
sion of heavy elements that are in agreement with the Viola
systematics[17]. The radii of spherical nuclei are assumed to
be 1.223A1/3 fm. This is consistent with the sharp-surface
Coulomb energy used in the nuclear potential-energy calcu-
lations [16]. The chosen reduced-nuclear-viscosity coeffi-
cient is consistent with the average viscosity at large defor-
mation, calculated using the surface-plus-window dissipation
mechanism[18]. The Langevin calculations for thermal-
neutron-induced fission of235U give a mean nuclear tem-
perature at scission ofT=1.03 MeV with a standard devia-
tion of 0.05 MeV (assuming a Fermi-gas level-density
parameter,a=A/8.6 MeV−1). The corresponding mean ki-
netic energy of the fragments at scission is 15 MeV with a
standard deviation of 3 MeV. The temperature at scission
and the kinetic energy of the fragments at scission are corre-
lated, because the total energy of the system is conserved.
The calculated standard deviation of the fragment kinetic
energy is lower than the measured value, because the present
calculation is a simple 1D calculation with a fixed fragment
mass ratio and fixed distance between mass centers at sciss-
ion.

Using the standard statistical theory of particle evapora-
tion from hot compound nuclei[19], one can show that in the
classical limit, the particle emission rate per unit area from
nonaccelerating hot nuclear matter is

R=
s2s+ 1dmT2

4p2"3 exps− DE/Td, s1d

wheres is the spin of the evaporated particle,m is the re-
duced mass of the particle-daughter system, andDE is the
minimum energy cost.DE is the particle binding energy plus
the height of the corresponding Coulomb emission barrier.
Many more particles than those successfully evaporated from
hot nuclear matter, attempt to escape the nuclear fluid but are
returned to the fluid by the strong nuclear force. These sta-
tistically generated particles exist between the nuclear sur-
face and the Coulomb barrier. The probabilities of finding
these quasievaporated particles as a function of height above
the nuclear surface, and the velocity distributions of these
particles, are predicted by statistical physics. In the limit of a
shaped-surface nuclear fluid, the probability that a given par-
ticle type exists above a unit area of surface, between the
nuclear surface and the Coulomb barrier, is given by

P =
Î2ps2s+ 1dm3/2T5/2

4p2"3FS
exps− DES/Td, s2d

whereDES is the minimum energy cost for getting the par-
ticle to the surface in question andFS is the force on the
particle as it crosses this surface.

To be classically evaporated from a nonaccelerating
nuclear fluid, a charged particle must have enough energy to
reach a point above the nuclear surface, where the Coulomb
repulsion and the nuclear attraction are equal. This height is
,rp+3d [20] for nearly spherical nuclei, whererp is the
radius of the particle andd is the diffuseness of the Woods-
Saxon nuclear potential. However, if the nuclear fluid is ac-
celerating away from a particle attempting to escape, then the
height that must be reached is lower. Figure 2 shows some
key features of a scission configuration. The parabola in Fig.
2 represents a hyperbolical surface beyond which it is as-
sumed that particles fail to be reabsorbed by the retracting
neck stubs. A definitive calculation of this surface would be
very complex. Here, this surface is defined using three rings
around the neck region. Two of these are a distance ofrp
+3d along the normals to the scission configuration from the
small circles shown in Fig. 2, and the third isrp+Dp above
the neck rupture location. All statistically generated particles
beyond this surface are assumed to be unaffected by the col-
lapse of the neck stubs, while all particles below are assumed
to be reabsorbed. The quantityDp is the only free parameter,
and is adjusted to reproduce only the measured ternary-
fission probabilities. If the mechanism proposed here is re-
sponsible for ternary fission, then we might expectDp to vary
smoothly with the mass and charge of the ternary-fission
light particles.

The probability of generating a potential ternary-fission
particle, as a function of bothDp and the scission tempera-
ture T, is obtained by integrating Eq.(2) over the hyperboli-
cal surface represented by the dashed curve in Fig. 2. The
final result is obtained by averaging over the ensemble of
scission temperatures generated by the Langevin calculations
described above. The only term in Eq.(2) that is difficult to
calculate is the energy cost,DES. This is determined by the
difference in the nonthermal energy of the scission configu-
ration with no statistically generated particles, and the non-
thermal energy of the scission configuration with the re-
quired number and type of nucleons removed to form a
single particle at the surface in question, and can be ex-
pressed as

DES= MD + MLP + VC + VN − MP, s3d

whereMD andMP are theT=0 masses of the daughter and
parent systems, respectively, and are estimated using the

FIG. 2. A scission configuration. The thicker curve shows the
shape of a nucleus just before the neck snaps. The semicircles show
the location of spherical fragments immediately following scission,
assuming an instantaneous retraction of the neck stubs. The small
solid circles highlight locations on the nuclear surface that do not
undergo high acceleration during the collapse of the neck stubs. The
dashed parabola represents the surface beyond which particles fail
to be reabsorbed by the retracting neck stubs.
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modified liquid drop model[16]. MLP is the measured
ground-state mass of the ternary-fission light particle.VC and
VN are the Coulomb and nuclear potential energies, respec-
tively, of the light particle in the field of the daughter system.
The shape of the parent system is the same as the scission
shape in the Langevin calculations. The deformation of the
daughter was determined by assuming that the centers of
mass of both halves of the scission configuration remain
fixed during the statistical generation of the ternary-fission
light particle. The Coulomb potential energy,VC, is obtained
assuming a point particle in the field of the sharp-surfaced
daughter system.

It is well established that the depth of the Woods-Saxon
potential for the interaction of a single nucleon with a
nucleus is,50 MeV, with a diffuseness close to 0.6 fm[21].
Much deeper depths have been assigned to deuteron,3He,
and triton potentials. However, to model the statistical
evaporation of alpha particles from hot nearly spherical nu-
clei, many statistical model codes(e.g., [22,23]) use an
alpha-particle potential with a depth of 50 MeV[24]. The
depths of the real part of the Woods-Saxon potentials, deter-
mined by the elastic scattering of heavy ions, vary from 10 to
70 MeV [25]. By constraining the diffuseness parameters,
the extracted depths appear to be more clustered about
50 MeV for heavy ions with 10,A,20 [25]. It should be
noted that the elastic-scattering data are more sensitive to the
outer regions of the nuclear potential, and thus these poten-
tial depths may contain considerable uncertainty. The trueA
and Z dependence of the nuclear potential around the neck
region is made more complex by the high surface curvature
around the neck, and the inverted curvature along the neck.
Given the uncertainty associated with defining the nuclear
potential energy of a particle in the region of the neck, a
simple model is used here.VN is estimated using a Woods-
Saxon potential with a maximum depth of 50 MeV, and a
diffuseness ofd=0.6 fm, independent of mass and charge of
the light particles. The Woods-Saxon potential is assumed to
be half its maximum depth when the center of mass of the
particle is separated from the nuclear surface by the radius of
the light particle.

To define the initial conditions of the three charged par-
ticles in ternary fission, it is assumed that the nascent frag-
ments instantaneously collapse into spherical fragments at
the moment of scission. The initial velocity and position dis-
tributions of the light particles are completely determined by
statistical physics. The probability of generating a ternary-
fission particle is a strong function of the distance of closest
approach of the dashed curve shown in Fig. 2 and the nuclear
surface at scission. This is controlled by the free parameter
Dp. The initial velocity distribution of the light particle is a
function of the nuclear temperature at scission. Due to the
strong dependence ofDES on the distance from the nuclear
surface, the initial positions of the light particles are on and
just above the hyperbolical surface represented by the dashed
curve in Fig. 2, and strongly peaked about the location of
closest approach of the hyperbolical surface and the nuclear
surface at scission. Three-body trajectory calculations are
used to propagate the two main spherical fragments and the
generated ternary-fission light particles in time. The three
particles each interact via Coulomb fields and Woods-Saxon

potentials with depths and diffusenesses as given above.
Some fraction of the initial starting points do not lead to
ternary fission, because the light particle is reabsorbed by
one of the spherical fragments. The final calculated proper-
ties of the ternary-fission particles are obtained by an average
over the ensemble of correlated scission temperatures and the
fragment kinetic energies, as generated by the Langevin cal-
culations described above.

Assuming only symmetric fission in the three-body trajec-
tory calculations leads to angular distributions for the light
particles that peak symmetrically between the main frag-
ments and gives widths for the corresponding angular distri-
butions that are less than the measured values. Using a real-
istic mass distribution for the main fragments in the three-
body trajectory calculations rectifies these deficiencies in the
angular distributions.

Using the approach described above, the probability of
ternary fission, and the properties of the corresponding light
particles, can be calculated for various fission reactions as a
function of both particle type and the single free parameter
Dp. For the235Usnth,fd ternary-fission reaction, the free pa-
rameterDp was adjusted to reproduce each of the measured
emission probabilities of light particles from protons to12Be.
These results are shown in Fig. 3. TheDp parameter has a
strikingly linear dependence on the empirical scaling param-
eter A+3sZ−1d /2 for ternary fission involving helium,
lithium, and beryllium isotopes. The dependence ofDp on A

FIG. 3. The values forDp needed to reproduce235Usnth,fd
ternary-fission probabilities[4]. The line is only to guide the eye.

FIG. 4. Measured[26] and calculated(solid curves) energy
spectra for4He, 6He, and 3H in 235Usnth,fd ternary fission. The
disagreement on the low-energy side of the4He spectrum is due to
the breakup of5He emission into4He plus a neutron. The data and
curves are normalized to have the same maximum height.
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andZ is very sensitive to the assumed nature of the interac-
tion potential between the light particles and the neck mate-
rial. For example, the apparent strong dependence ofDp on
mass can be reduced by introducing an increasing depth of
the Woods-Saxon potential with increasing mass of the light
particle. No great significance should be inferred from the
details of the mass and charge scaling ofDp shown in Fig. 3.
What is of importance is the fact that a smooth relationship
exists.

Figure 4 compares measured and calculated4He, 6He, and
3H energy spectra in235Usnth,fd ternary fission. The agree-
ment between the model calculations and experiment is im-
pressive because no free parameters are adjusted to obtain
the agreement shown in Fig. 4. Figure 5 compares measured
and calculated mean energies and the full width at half maxi-
mum (FWHM) of the energy spectra of light particles from
235Usnth,fd ternary fission. The model overpredicts the mean
energy of the protons, deuterons, and the lithium and beryl-
lium isotopes. The predicted mean energies of the light par-
ticles are sensitive to the initial velocity distribution of the
light particles, the scission configuration neck radius, the as-
sumed distance between mass centers, and the kinetic energy
of the two main fragments at scission. The widths of the
light-particle energy spectra provide a more critical test of
the proposed ternary fission production mechanism, because
these widths are sensitive to the assumed initial velocity dis-
tribution of the light particles, and less sensitive to other
assumed properties of the scission configuration. The calcu-
lated widths are in good agreement with the experimental
data.

Given the experimental evidence that suggests beryllium-
accompanied ternary fission is a cool process[10,11], it is
difficult to understand why the ternary-fission model pro-
posed here appears to be so successful. However, some other
recent works also seem to support a hot ternary-fission pro-
cess. The nuclear temperature of scission configurations in
spontaneous and low-energy neutron-induced ternary fission
of heavy elements has been estimated to be,1.1 MeV, us-
ing isotope thermometry[27]. Koparchet al. [28] have mea-
sured the ternary-fission production probability for the
particle-unstable short-lived 2.26 MeV 3+ excited state of
8Li s8Li *d in spontaneous fission of252Cf. The 8Li * datum is
a powerful test of the proposed ternary-fission model. This is
because the8Li * result cannot be obtained by an interpolation
or extrapolation of measured ground-state emission prob-
abilities. In addition, the only quantities that are changed to
calculate the8Li * ternary-fission probability relative to the
lithium ground-state emissions are an additional energy cost
of 2.26 MeV and a change in8Li spin from 2 to 3. The
model calculation for the ratio of the8Li * ternary-fission
probability in the spontaneous fission of252Cf to the prob-
ability summed over all lithium ground states is 5.3%, in
agreement with the experimental result of 6±2%. This is
further evidence that ternary-fission light particles are being
produced in the neck region via a statistical process.

Another mechanism has been proposed for ternary
nuclear fission. This mechanism involves a statistical(evapo-
ration) process that produces quasievaporated particles that
exist between the nuclear surface and the Coulomb barrier.
The sudden snap of the neck stubs can cause a quasievapo-
rated charged particle, high above the neck-rupture location,
to switch from being inside to outside the Coulomb barrier. A
key feature of the proposed mechanism is that the statistical
process does not need to produce light charged particles that
can escape the Coulomb barrier using energy derived solely
from the heat bath. It must be emphasized that the emission
mechanism described here is classical. The quasievaporated
particles are in the classically allowed region between the
nuclear surface and the emission barrier, and will return to
the nuclear fluid if the field they experience is independent of
time. However, a sudden rearrangement of the nuclear fluid
can lead to the ejection of some quasievaporated particles.

Based on the experimental results that are understood
within the framework of the proposed combined statistical
and dynamical model of ternary fission, the consensus that
ternary fission is not associated with an evaporation process
should be reevaluated.

The author would like to thank P. Russo, A. J. Sierk, and
R. Vandenbosch for their valuable input during the writing of
this manuscript.

FIG. 5. Measured[4] and calculated(solid curves) mean ener-
gies(a), and the full width at half maximum(FWHM) of the energy
spectra(b) of the light particles in235Usnth,fd ternary fission.
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